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PAPERS ON CLIMATOLOGY IN RELATION TO AGRICULTURE, TRANSPORTATION, 
WATER RESOURCES, ETC. 

STUDIES O N  TFIE PHENOMENA OF THE EWAPORATION 
OF WATER OVER LAKES A N D  RESERVOIRS. 

BY Prof. FRANK H. BIOELOW. 

VU.-SUMMARY OF THE RESULTS OF THE SALTON SEA CAMPAIGN. 

A brief summary of the general results of the research regard- 
ing the laws of the evaporation from large surfaces of water is 
here presented, in anticipation of the general report upon 
which they are based. The report contains a description of 
the stations occupied; the instruments used in the ohecrva- 
tions; the total monthly amounts of evaporation in different 
parts of the United States on the pans as located in places of 
varying eiivironnients; the computed values of the C2, (Is, C,, 
coefficients in the Bigelow, Dalton, and Mammoth forniulss, 
respectively; a discussion of the cause of the variation of thebe 
coefficients of diffusion with the size of the pans; and the 
attempt, to fis the values of C, and C', for a very large pan, as 
the surface of a lake or reservoir. Table 1 contains the annual 
mean values of these coefficients, which illustrate the leading 
facts. The report contains the constituent values in the dit ir i id  
and the crunzinl periods, of which these values are the final 
mean. They are arranged by the diameter of the pans, !&foot, 
%foot, Moot, 6-foot, lBfoot, and the stations are grouped 
together near the sea-level plane, and on the Rocky Mountaiii 
plateau. 

T ~ B L E  l.-Mmta vulites of tire C,-coefleietits for patis of dijkrent sizes itt 
Eo=C,f:de-  (1+.070w). 
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_- I 1  I I 
*Floating. or in wry  Iiuniicl locations, omitted hcrc. 

1. There is no evidence that the water in pans of the same 
size evaporates faster on the Plateau levels, 4,000 feet, than at  
sea level, and the formula should not contain any barometric 
pressure t e rm 

2. The evidence is decisive, by the 3 formulas based upon the 
t e ,  de 

ed d S '  
terms - -_ (e8-ed),  and (et-e,ll, respect>ively, that water 

evaporates much faster from sniall pans than from large pans. 
This is because the wind action tends to clear a sniall pan of 
vapor, making over it a dryer mixture, than it does a large pan 
or water surface, where vapor is inerely transported from one 
side of the water area to the other side of it. Especially, over 
a lake or reservoir the vapor is carried along from point to 
point without drying the mixture of vapor and air resting on the 
water surface. This phenomenon is plainly Feen at times in the 
early morning when the fog resting on a lake begins to clear with 
the increase of temperature, and when the wind is moving the 
coliinins of vapor i n  oblique lines while the evaporation proceeds. 
It has macle our research very difficult to incorporate this fact, 
I)cwtiise of the iieressity of extending the series ef Coefficients 
from sinal1 pans to a large water surface. 
TABLE 3.-Mcorr c-rtliirs of the P,-rneficietils for puns of difererct sizes it1 

E,,=P, 2 (eM-ett) (f+.U70 09). 

I 
Balton Scn. Tow-r .VI>. 1 .  . I _ .  . . . . .  . . . . . .  

Do . . . . . . . . . . . . . . . . . . . . . . . . . . .  

no . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  
DIJ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  DIJ 
Salton &a, TowPr No. 9 . . . . . . . . . . . . . . . . . .  

DO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  . . .  . . . . .  
Do . . . . . . . . . . . . . . . . . . . . . . . . . .  
Do . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  
Do . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . . . . . . .  

Walton Sea. Tuwrr No. 4 . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . .  

D o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  
Do . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  

no  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . .  . . . . . .  
n o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 0.nIJ.ls . . . . . . .  

Manrnioth. C d . .  .I . .S. j 'i):iinin.l:::::: : : : j . .  . . . . . . .  o.nn39 
Bradry. Cxl . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11. im49 I . . . . . .  . I _ .  . . . . . .  0.11035 
Y W ~ . ~ .  m.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  11. iin5.l . . . . . . . .  _I . .  . . . . . . .  n. ai40 
Inniiu. c w . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  _I . .  . .  : I  1i.ilf154' . . . . . .  .I.. . . . . . .  0.m3 
C'alifotrnia. C.lhio.. . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . .  lI.l107:3* . . . . . . .  \ ll.lk154 . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  

!&riirin%hani. A l s . .  . . . . . . .  . . . . . .  

E1at.port. 311.. 
I t ~ n g ~ l ~ y .  Me . .  

Asn4 lirv. Fla. .  . . . . . . . . . . . . . . . .  

................................... !hnns . .  . . . . . .  

Wmitt.et1. 

TABLE 3.--.lIecitr twluea if Ihe C',-rqflrietrls for pnrrs if diflerettt 8ize.q iti 
Eo= (I+. 2 ( , e t - f , { )  (,I +.(I70 I P ) .  

. - . -- . . . . . . . . . .  .- . . . . . . . .  . . . . . .  -. - ... 
I 

St.:itionr. I PSIIS.! ?-foot. jPst1s.l &foot. 1 &foot.. 

sdton SPn. Tower Nu. 1.  1 
Do ................. Y 
Do ................. 3 
Do ................. 4 
Do ................. 5 I I 

hhrllmoth. Val. .  ....... 
tiran~leg. Cal.. ......... 
Mcrrrr. Cal ............. 
India. CaI .............. 
C'alifnrnia. 1 lhio.. ...... 
lSir11rirrg1iar11, Ala. ..... 

. . . . . . . .  

. . . . . . . .  I 1  

........ 

........ ..I ...... 1 
......... 

n:Mu4 I ealtonSeeli.Tower Nu.?' 1 
0 0046 ...... do ................. 2 
O.On4S ...... do ................. I 3 
11. GM5 
V.OoL7 

..... ................ I 4  .do 

. . . . . .  do ................. 5 
Saltoh Sra. Tonw No.II 1 
. . . . . .  do ................. 2 
...... do ................. 3 
...... ................. 

n. on311 
n. o ~ w a  
n. nn47 

0. mi* .............................. 
! " " "  0.0107* 1 1  

0: MI- 
......................... 

0.m: ........ 
0.ms ........ 
n.0036 ........ 
0.0046 ........ 
0 . m 1  ........ 
0.039 ........ 
0.0037 . . . . . . . .  

n. 1x13s ........ 
n.ms ........ 

0 . ~ 4 2  ........ 

n. 11031 
n. 0032 
n. tun4 
0.0036 

0. Iyms* ........ 
0. ........ 

Mt.trrw ............ _.I .....I o.lM45 I nIsans ............ .I .  .. ...I 0.0010 I 0.0033 
1 ,  I ,  .- ..... . . - -. . . -- . -. . 

*Menns oniit.ted. 

e, de 3. The Bigelow formula depending on ;; 2s has no annual 

period in the C:,-coefficient; the dinural period is very sniall, 
but it shows a slight deficiency in the forenoon when the water 
temperature is rising, and a small increase in the afternoon 
when the water temperature is falling. There may be an 
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interaction of latent and specific heats, so that there is resistance 
to molecular diffusion in the forenoon, but acceleration in the 
afternoon. The Dalton formula in (ed-ea) is closely in con- 
formity with the Bigelow formula so far as the periodic action 
is concerned in dry clinsatea, but in humid climates the cofficients 
in the Dalton formula become irregular especially in the cold 
part of the day, while the coefficient: in the Bigelow formula 
continue quite steady. The Mammoth formula depending 
upon (et-ea) has a large annual, and a considerable diurnal 
period in dry climates: it is erratic in humid climates, ancl 
generally the argument is not valuable because the term be- 
comes milch too small t o  conipensate for the actual observed 
evaporation. The Mammoth and the Marvin formulas should 
not be further considered. 

4. The Dalton formula has for one of its inipliecl results the 
conclusion that evaporation ceases when e, = ed, while the Bige- 
low formula admits that i t  can continue, since es/ed= 1. This 
brings up a very difficult point to be determined, and there are 
two considerations bearing upon it: (a )  If a water surface 
evaporates into a perfect cnltta it soon covers itself with a film of 
vapor, through which further molecular bonibardment can not 
penetrate, so that this layer acts like oil to damp further action. 
If this film is cleared to any extent by the wind the evaporation 
will continue, even though es=ed. Saturation of air near a 
water surface does not necessarily imply stagnation of the circu- 
lation. Indeed, in the open air stagnation is so rarely a 
fact that evaporation rarely ceases. (b )  Direct esperiment on 
evaporation during fogs and rainy intervals proves that evap- 
oration seldom stops in practical open-air conditions. A self- 
register evaporometer at Los Aiigeles continued to record to the 
amount of about 50 per cent of the usual evaporation during the 
hours markecl fog, the registration being for each hour during 
the day, the record extending from March to June, 1910; at 
Eastport, Me., evaporation is alniost regularly recorded during 
the dense fogs that prevail in that locality in the spring and 
summer months; at Rangeley, Me., records of evaporation clur- 
ing rainy intervals were the common rule. These Observations 
were made by 5 different gages at Rangeley and by 3 gages at 
Eastport, Me., on the same 3-foot evaporation pan, and the 
harmony of the individual observations excludes all doubt of the 
fact. These results confirm the observations made by Lehman 
at Birmingham, Ala., in 1909. They, also, weaken the claim of 
the Dalton theory of potential-differences as fundaniental in 
practical open-air work, because stagnation rarely occurs, ancl 
water seldom evaporates into theoretically saturated mixtures. 

5. In  order to study the phenomenon of evaporation into 
varying percentages of mixture of dry air and vapor, as the 
latter is blown to the leeward side of a pan by the wind, the 
following experiments were carried out: (1) Four shallow pans 
9 inches square were placed in a row on a wind vane, turning 
into the wind so that one Fan was always to windward and the 
fourth pan to leeward of the row. The last! pan evaporated 
about 90 per cent of the first pan. Similarly, sections on a large 
circular pan have minimum evaporation on the leeward side. 
(2) A larger vane, carrying four 2-foot circular pans, indicated a 
similar result, but less clearly on account of the eddies formed 
by the circulating wind among the pans. (3) Thirty small 
pans were set in a nest on a table, in 5 rows containing 6 pans 
each, but as they were not turned always to face the wind on 
the same side, and as the sun had too much effect, on the south 
and west outside rows the result was inclecisive. It suggested 
that, the niininiuni evaporation was at a point about two-thirds 
the distance from the south sicle to the north side on the central 
line. 

6. A pan of very clear fresh water was evaporatecl along side 
of a pan filled with brackish Salton Sea water, which was grad- 
ually concentrated by adding water froni the sea froni No- 
vember to May without emptying the old water. The brackish 
water evaporated a little slower than the fresh water, to the 

amount of 2 per cent in April and May. No correction has been 
applied on pans refilled frequently in the usual routine. 

7. In  order t o  test the ratio of evaporation from pans of dif- 
ferent sizes, our records include the following combinations : 
(1) A 4-foot pan self-registered hourly and a %foot pan along side 
on the ground near Tower No. 1 ;  (2) a row of 3 pans, 2-foot 
$-foot, &foot in diameter, on a platform on Tower No. 3, about 
half a mile from shore, and as near the water as was practicable; 
(3) a row of 4 pails %foot, 4-foot, &foot,, 12-foot, on a series of 
adjoining rafts floating in the Salt Creek slue in calm water. 
The ratios are quite steady and the results have been incor- 
porated into the final value of the coefficient., I 

C', = 0.033 ( 1.33)jh for 4-hour intervals, 
where )L  = 0 for large open water arcas, 

I & =  1 for 6-foot pans, 
= 3 for 4-foot pans, 

I I  = 3 for 2-foot pans, 
11 =4 for ordinary clry air. 

The value of the coefficient for n = 1 is fairly well tleterminetl, 
and it is interpolated for n =4. These should he further verifiecl 
if possible. 

8. The practical check on C,=0.033 is to be found in the 
actual evaporation of the Salton Sea itself as measured. In 
cooperation with the United States Geological Survey, we have 
the following data for the year June 1, 1909, to June 1, 1910: 

Inrhw 
1. Actual fall of the Salton Sea level . . . . . . . . . . . . . . . 51.00 
2. Inflow through the New and Alanio rivers . . . . 12.00 
3. Accumulation from annual precipitation. . . . . . . . . . 6 00 

Total amount due to evaporation. . . . . . . . . . . . 69.00 

Taking the daily records of the surface temperatures of the 
Ralton Sea water S,, and using the values of the vapor pressure 
e,, and wind velocity ' u y  at the pans (11, at the foot. of Towers 
No. 3 and No. 4, as near the water surface as it was practicable 
to measure air conclitions, and assuming various values for Cy, as 
applied hy the formula by adding up to amounts for the in- 
tervals throughout. the year, it! turns out that C,=0.032 or 
C',=0.023. Since the evaporation in the year encling June 1, 
1908, was 51 inches, ancl for the year ending June 1, 1909, was 
59 inches, I ani inclined to fix the value, C,=O.O23. 

The values of C ,  on the E-foot pan, raised a few inches shove 
the water surface was, C', = 0.035, and a probable reduction woulcl 
bring it to C ,  = 0.033 for a free Water surface. The values cJf C', 
for Birmingham and Cincinnati. in smiihuniicl climates, for a 
floating 4-foot pan shielcled l ~ y  a surrounding breakwater, was 
C,=0.032 and by the recluction factor (1.331, it would inclicate 
C',=O.O21 for an open water surface. In huniid climates, 
especially during the prevalence of fogs and rain, the evapora- 
tion is into such an air as always pertains to the thin layer of 
tiripor restitig 011 tile water surface in oily clittinte while urdis- 
turbcd by  the wind. Our record for the humid stations gives, 

for Sand Bey, Fla., C',=O.O29, 
for Eastport, Me., C',= 0.023, 
for Rangeley, Me., C p  = 0.023. 

It. is on the basis of these widely-separated stations that we 
accept C, = 0.023 for the coefficient of evaporation froin large 
water surfaces in 4-hour intervals. For the 34-hours the coeffi- 
cient is C,=0.138 (1.23)n per day. 

9. The final formulas become, 

(1 +.070) 'to in centimeters. e, rE, Bigelow, E,,=,:das, =0.138 (1.23))& - ed d S  
Dalton, Eo,,,,,=0.03G (1.23)" (err-ecl) ( l + . O i O )  'tiy in centimeters. 

In  the semihumicl and humic1 climates t.he values of the C, 
coefficients in the Dalton formula are much looser, ancl not so 
much evidence exists of t,he reliability of this coefficient,. In- 
deed, it is doubtful whether any constant, can be found for this 
formula. 
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10. Careful experiments made at Rangeley with the several 
types of gages for measuring the water heights in pans come to 
the following conclusions: The improved form of still-well, 
with heavy base and small intake pipe, is as satisfactory as 
possible. It does good work in ordinary wincls, ancl i t  may not 
be practicable to make one that is any better. The several 
typcs of gages give siibstantially the sauie results i i b  ord imry  or 
calm winds when the ilhmination is good. In  night work, or in 
dark or dusky weather, i t  sometimes becomes very difficult to 
see the setting point of the contact gages when in contact 
with the water surface, so that the burette tubes then assert 
their general superiority. The magnifying burette tube has 
some features which rencler its record less accurate than the plain 
burette tube. All these instruments require goocl observing to 
measure the tenth millimeter on the water height. The follow- 
ing precautions are suggested: (1) Plain burette tube.-Lay a 
piece of black-surfacrcl canvas down under the place where the 
meniscus is read against the sky line, and the apparent lowest 
edge will look like a .fine black line against, the millimeter scale. 
After filling the tube lift it to the point of best, illumination as 
the same leael with the eye to  avoid a parallax in reading the 
curved meniscus. The tube should be wet nbore the reading 
height, and the water shoulcl always flow icpward to the gravity 
level. The hanclling ancl the reading of the tube must habit- 
ually be done in precisely the snwe u n g  a t  t.he different ohserv- 
ations. The mean of three readings is usually an accurate 
measure of the water height to the tenth niillinieter. ( 2 )  The 
magnifying burette tube is easily read, so far as scale is con- 
cerned. However, i t  has a short range, and would not cover 
36-48 hourg’ evaporation, Saturday to Monday, or longer, in 
the arid, hot climates of the Southwest. The neck should 
reach lower into the pan in order to avoid the surface surgings 
in high winds on large pans; the valve should be macle to turn 
horiaontally in order to avoicl the vertical jump in closing, 
which may become very irregular whenever i t  sticks a little or 
becomes clogged in dirty and alkaline waters; the clrip must lie 
handled in a uniform manner from one observation to another. 
(3) The micrometer gage is very easy to read, and it is an 
excellent. instrument when the seeing and illumination is goocl. 
I n  some kinds of light it is very difficult to recognize the dis- 
turbance rings, and in reading large pans, 51s 6-foot pans when the 
point is beyond ordinary eye focus length, it often happens that 
an observer can not tell the instant of contact. If an observer 
has a poor eyesight, if the larger pan is rocking behind a heavy 

7+10 

breakwater, it becomes exceedingly difficult to make the required 
setting with accuracy. In  these cases the plain burette tube is 
of advantage, because i t  is filled quite mechanically and lifted 
for reading into the most favorable light on the level with the 
eye. (4) The vernier hook gage with point moving upward is 
an excellent instrument in places convenient to  the eye, and 
with good illumination, but has the same difficulty as men- 
tioned with the micrometer gage. (5) The vernier hook gage, 
with jluttened point niouiwg dowtiward, is superior to the preced- 
ing type, because the water hollow which follows the retreating 
wire end, and is preserved to the depth of about one millimeter, 
suddenly snaps a t  a given level in a very conspicuous manner. 
This phenomenon makes it very easy to read the contact height 
under conditions not favorable to the gages 3 and 4. It may 
be said that evaporation work in windy places is much easier 
with the plain burette tube than in calm, foggy, or rainy places 
with the venier hook gages. 

11. It is evident that the research of the Salton Sea cam- 
paign, while settling a number of important points in evapora- 
tion, has raisecl a series of difficult questions. The theoretical 
side of the problem, the application to the thermodynamic 
theories, has not been attempted as this would require an 
esclusive study under laboratory conditions and processes. 
Practically it seems necessary for engineers to adopt a standard 
pan and reduce the observed readings to the open water surface. 
Thus the evaporation from a 4-foot standard pan, when cor- 
rected for temperature ancl wind and multiplied by the factor 
GG per cent is about what observat.ion suggests. If a water 
thermometer on a small raft in the lake measure8 So, and a 
sling psychrometer measures ed through t and t ,  , and an anemo- 
meter placed as near the water as possible is used for the wind 
velocity, then the coefficient is C=0.138 for 24-hour intervals. 
For the formula, use the mean values of So, e,, ed, w, taken at 
readings macle about G a. m. and 2 p. m., the tinias of minimum 
and masinium meteorological conditions. If any reservoir, 
where the inflow is measured accurately and the rainfall can be 
fully accounted for, can be observed for some time it may be 
possible t.0 further check t-he accuracy of this formula. Since 
local conditions count so much on the action of an evaporation 
pan it would not be possible to improve this formula by any 
small number of observations. The formula can easily be 
estended to working tables whenever it is felt that the adopted 
coefficients of this report are reliable. 


